Extensive research has shown that the hippocampus is necessary for consolidation of long-term spatial memory in rodents. We reported previously that rats using a place strategy to solve a cross maze task showed sustained phosphorylation of hippocampus cyclic AMP response element-binding protein (CREB), a transcription factor implicated in long-term memory formation. In the current study, we used viral vector-mediated gene transfer to test the hypothesis that formation of long-term memory for place learning can be facilitated by increasing levels of CREB in the dorsal hippocampus. Three days after intrahippocampus infusion, experimental (HSV-CREB) and control (HSV-LacZ; saline) rats were trained during a single session on a place task in a water cross maze. Rats were tested for memory 5 d later. Rats in all groups showed short-term memory, and there were no significant differences among treatment groups during acquisition. However, only HSV-CREB-infused rats showed significant savings between training and test, while HSV-LacZ-and saline-treated rats did not. Quantitative Western blotting confirmed that levels of dorsal hippocampus CREB were increased during training in rats infused with HSV-CREB in comparisons with controls. The present results show that formation of long-term memory can be facilitated by increasing levels of hippocampus CREB protein.
At the cellular level, memory is hypothesized to be encoded and stored through activity-dependent changes in synaptic strength (Martin et al. 2000) . Long-term memory formation requires de novo protein synthesis that is not necessary for short-term memory (Davis and Squire 1984) . The cAMP response elementbinding protein (CREB) is a transcription factor regulated through phosphorylation on Ser133 by stimuli that increase cAMP-or Ca 2+ -dependent protein kinase activity (Gonzalez and Montminy 1989; Dash et al. 1991) . Phosphorylated CREB promotes the synthesis of a wide array of proteins implicated in neuronal plasticity (Impey et al. 2004) , which makes CREB well suited for regulation of long-term memory formation. Spatial learning increases CREB phosphorylation in the dorsal hippocampus (Mizuno et al. 2002; Colombo et al. 2003) , while decreased levels of CREB (Guzowski and McGaugh 1997) or disruption of CREB-dependent transcription (Pittenger et al. 2002) in the dorsal hippocampus interferes with spatial memory.
We reported previously that learning-induced increases in phosphorylated CREB were sustained in the hippocampus of rats that use a place strategy to solve a land-based cross maze (Colombo et al. 2003 ). In the current study, rats were trained during a single session in a water cross maze to escape to a constant location from variable start locations. The training protocol was designed so that rats learned the escape location but did not show long-term memory 5 d after training. Previous work has shown that increasing CREB levels in the basolateral amygdala enhances long-term memory for amygdala-dependent cued fear conditioning (Josselyn et al. 2001 ). The present experiment tested the hypothesis that overexpression of CREB protein in the hippocampus during spatial training facilitates long-term place memory.
Materials and Methods

Subjects
Twenty-seven male Long-Evans hooded rats (Charles River, Raleigh, NC) 250-300 g were housed individually at 25°C (12-h light/dark cycle) with ad libitum access to food and water. Rats were handled (5 min/day, 9 d) prior to dorsal hippocampus infusion of HSV-CREB (N = 11), HSV-LacZ (N = 8), or saline (N = 8).
Apparatus
The Plexiglas apparatus consisted of four arms (N, S, E, and W) at right angles, each measuring 50 cm ‫ן‬ 21 cm ‫ן‬ 35 cm (L ‫ן‬ W ‫ן‬ H) and was placed inside of a water maze (diameter 1.83 m ‫ן‬ height 0.58 m) enclosed by a black curtain. The pool water was clouded with ∼250 mL of white tempera paint and maintained at 25°C. A white removable platform (34.5 cm high) was attached 2 cm below the water surface at one arm end. All trials were videotaped using a computer tracking system (HVS Imaging).
Viral-mediated gene transfer
Preparation of viruses and surgical procedures were identical to those reported previously (Brightwell et al. 2005) . The viral vectors (HSV-CREB and HSV-LacZ) were supplied by R.L. Neve and prepared as described (Neve et al. 1997) . Bilateral infusions into the dorsal hippocampus (AP = ‫3.3מ‬ mm; ML = ‫0.2ע‬ mm; DV = ‫4.3מ‬ mm relative to Bregma) (Paxinos and Watson 1998) of HSV-CREB, HSV-LacZ, or saline (2 µL/hemisphere) were made over 10 min using 26 G infusion needles attached to a stereotaxic arm and connected via polyethylene tubing to two 10-µL Hamilton syringes driven by a multiple syringe infusion pump (Fisher Scientific) . The infusion needles remained in place for 10 min following the procedure to facilitate diffusion. Studies using this procedure show that transgene expression is restricted to an area ∼1.5 mm in diameter (Carlezon et al. 1998; Brightwell et al. 2005) and is specific to neurons (Barrot et al. 2002) .
Behavioral training
Training occurred 3 d following hippocampus infusions. Rats were released from the North, East, and South arms in a pseudorandom order and trained to find a hidden platform at the end of the West arm over 30 trials. Each trial lasted 60 sec. If the rat did not find the platform within this time, it was led to the platform by the experimenter. Rats remained on the platform for 15 sec followed by a 15-sec intertrial interval during which the rat was placed in an opaque holding cage to prevent interference from non-task-related cues. A full-body entry into one or more incorrect arms was scored as an error. Memory recall was tested 5 d later with an additional 30 trials. Two measures of memory were recorded: 1) savings-the difference in the number of errors during training and testing, and 2) comparison of the latency across trials during training to that during testing. All behavioral measures were analyzed using ANOVA, and a priori t-tests or a posteriori LSD tests were used to test comparisons, with all significance levels set at P < 0.05.
Histology
Following testing, cannulae placement was confirmed by cresyl violet staining. Fifty-micrometer sections were taken throughout the dorsal hippocampus, and one rat was excluded because placement was not located within ‫08.2מ‬ mm to ‫08.3מ‬ mm relative to Bregma.
Western blotting
Western blotting was performed as described previously (Brightwell et al. 2004 (Brightwell et al. , 2005 . In brief, the hippocampus was excised bilaterally and bisected across the septal-temporal axis. Homogenates from the dorsal hippocampus were separated by gel electrophoresis and blotted to PVDF membranes. Membranes were probed with rabbit anti-CREB antibody (06-863, 1:750; Upstate Biotechnology Inc.). Relative amounts of CREB were determined from a standard curve prepared from known concentrations of total protein (7-18 µg) from naïve animals (Colombo et al. 1997) .
Results
HSV-LacZ-and saline-treated rats did not differ in performance
There were no significant differences between HSV-LacZ-and saline-treated rats over the 30 trials of training or testing on either the number of errors (F (1,14) = 0.51, P = 0.486 and F (1,14) = 0.08, P = 0.778, respectively) or average escape latency (F (1,14) = 2.09, P = 0.170 and F (1,14) = 0.002, P = 0.966, respectively). Values for the two control groups were combined for subsequent analyses.
Increased levels of hippocampus CREB facilitate long-term memory for place learning A repeated measures ANOVA was performed between HSV-CREBtreated rats and controls for the number of total errors made at training and testing. There was a significant effect of treatment (F (1,24) = 5.81, P = 0.024), a nonsignificant effect of delay (F (1,24) = 3.85, P = 0.061), and a significant interaction between treatment and delay (F (1,24) = 12.69, P = 0.002). Thus, the total number of errors at training and testing differed between HSV-CREB-treated rats (N = 10) and controls (N = 16).
The main effect of treatment was due to HSV-CREB-treated rats making fewer errors than controls overall, and the interaction was due to HSV-CREB-treated rats making fewer errors than controls during testing (long-term memory time point). Specifically, there was a significant difference in the number of errors made between training and testing among HSV-CREB-treated rats [t(9) = 5.07, P < 0.001] but not among controls [t(15) = ‫,31.1מ‬ P = 0.277]. In addition, there was a difference in the total number of errors between HSV-CREB-treated rats and controls at testing (P < 0.01) but not during training (P = 0.714; data not shown). The average latency to reach the platform was measured across trials during both training and testing. There was a high degree of correlation among rats between the average latency to reach the platform and total number of errors across the 30 trials both for training (r = 0.73, P < 0.001) and for testing (r = 0.53, P < 0.001). Thus, as expected, rats with more errors had longer average escape latencies (data not shown).
Retention, but not acquisition, of place learning is facilitated among HSV-CREB-treated rats
Since memory was measured as the difference in the number of errors between training and testing, it was important to show that all rats initially learned the task. The number of errors across 30 trials for training was grouped into three blocks of 10 trials. Repeated measures ANOVA between HSV-CREB-treated rats and controls over the three blocks revealed no effect of treatment (F (1,24) = 0.19, P = 0.664), a significant effect of delay (F (2,48) = 22.93, P < 0.001), and no significant interaction between treatment and delay (F (2,48) = 0.02, P = 0.978). Thus, there was no difference between groups in the total number of errors made at training, and all rats improved performance over the three blocks (Fig. 1A) . A similar analysis was applied to the number of errors made over the course of testing. Both groups of rats improved between the first and third blocks (P < 0.01), whereas only rats infused with HSV-CREB improved between the first and second blocks (P < 0.01). Within blocks, controls made significantly more errors than HSV-CREB-treated rats during the second and third blocks (P < 0.01). Finally, there was no significant difference in average swim speed among groups either at training (F (2,23) = 1.41, P = 0.186) or at testing (F (2,23) = 0.47, P = 0.630), indicating viral vector infusion caused no motor or motivational effects (Fig. 2) .
Overexpression of CREB in the dorsal hippocampus increases total levels of hippocampus CREB protein Quantitative Western blotting was performed on a subset of rats that did not undergo behavioral testing. Densitometric analysis confirmed that rats infused with HSV-CREB (N = 6) had higher levels of hippocampus CREB protein than rats infused with saline (N = 6) [t(4) = ‫,79.2מ‬ P = 0.041] 3 d (Fig. 3) , but not 9 d [t(4) = ‫,76.1מ‬ P = 0.171; data not shown], following infusion.
Discussion
The present study demonstrates facilitation of long-term memory by overexpression of CREB, a key transcription factor involved in the consolidation of memory (Kida et al. 2002; Pittenger et al. 2002; Colombo 2004; Brightwell et al. 2005) . Specifically, increasing levels of CREB in the dorsal hippocampus prior to acquisition of a platform location in a water-based cross maze enhances long-term memory for that location. HSV-CREBtreated rats did not differ from controls during acquisition, as both groups improved at the same rate and to the same degree by the end of training. In addition, HSV-CREB-, HSV-LacZ-, or saline-treated rats did not differ in swim speed during training or testing, indicating that differences among groups were not due to differences in motivation or sensorimotor processing. Taken together, the present results show that memory facilitation among CREB-treated rats is due to enhanced memory consolidation rather than enhanced learning.
Previous studies designed to test effects on memory consolidation by blocking CREB function have generated mixed results, perhaps due to differences in strain, gene dosage, and/or upregulation of compensatory proteins (e.g., CREM) (Gass et al. 1998; Graves et al. 2002; Balschun et al. 2003 ). There has been some success using CREB mutant mice to demonstrate a role for CREB in long-term memory for both spatial water maze training and contextual conditioning (Bourtchuladze et al. 1994; Kogan et al. 1997) . Temporary blockade of hippocampus CREB function consistently produces results indicating that CREB is necessary for long-term memory formation. For example, CREB knockdown using antisense (Guzowski and McGaugh 1997) or overexpression of dominant negative CREB in the dorsal hippocampus (Pittenger et al. 2002) eliminated spatial bias in the water maze. In addition, hippocampus overexpression of mutant CREB blocked long-term, but not short-term, memory for a socially transmitted food preference (Brightwell et al. 2005 ). These findings highlight the importance of using short-term, reversible, and regionally specific tools to study the role of CREB in longterm memory formation.
The current results show that tipping the balance in the opposite direction, here by elevating CREB levels, facilitates longterm memory under training conditions that do not produce long-term memory among controls. That CREB can enhance memory formation was initially reported in flies in which overexpression of dCREB2-a, the Drosophila equivalent of mammalian CREB, enhanced the formation of long-term olfactory learning (Yin et al. 1995 ; but see Perazzona et al. 2004) . In rodents, HSV-CREB administration in the amygdala produced long-term memory for cued fear conditioning after a training regimen that ordinarily elicits only short-term memory (Josselyn et al. 2001; Wallace et al. 2004 ). This enhancement is task-and regionspecific, as hippocampus-mediated context-dependent fear conditioning was not affected by intra-amygdalar increases in CREB (Wallace et al. 2004) . In addition, a recent report using adenoassociated virus (rAAV) demonstrated that up-regulation of total CREB protein levels throughout the rodent life span improves long-term spatial memory in the aged rat (Mouravlev et al. 2006) .
Memory facilitation has also been observed in studies that have targeted signaling proteins upstream of CREB. For example, Tang et al. (1999) showed that hippocampal overexpression of the NMDA receptor subunit, NR2B, restricted to area CA1 produces a more intelligent mouse. Further, inducible inhibition of calcineurin, the phosphatase responsible for inactivation of CREB via dephosphorylation of PP1 (Hagiwara et al. 1992) , strengthened long-term spatial memory (Malleret et al. 2001) .
In contrast to the present findings, Guzowski and McGaugh (1997) reported memory impairment among rats if they were trained when CREB levels were higher than normal. This impairment was found following an experimental manipulation to block CREB translation using antisense that paradoxically resulted in up-regulation of CREB protein. A simple explanation for the discrepancy between these results and our findings is differences in the two techniques for altering CREB levels. Using antisense, the rebound in CREB expression followed a significant Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from decrease in the level of the protein, whereas viral infection causes a continual increase in CREB levels over the 3 d until training.
Due to the incremental nature of most spatial learning tasks, learning is distributed over a period of time. The present experiment was designed so that rats were trained in a single discrete session that coincided with the time period in which CREB levels were highest using the HSV system. This resulted in what could be considered a "massed training" protocol. In comparisons with massed training protocols, spatial memory is more robust when training is spaced over multiple days (Spreng et al. 2002; Commins et al. 2003) or longer intertrial intervals are imposed (Scharf et al. 2002) . The long-term spatial memory impairment in CREB mutant mice with an 80%-90% reduction in CREB activity (Blendy et al. 1996) can be ameliorated by spaced training (Kogan et al. 1997) . Alternatively, a weak memory trace resulting from massed training can be overcome by increasing CREB levels (Josselyn et al. 2001) , similar to the present findings. Interestingly, Mouravlev et al. (2006) found that CREB up-regulation did not enhance spatial learning in the Barnes maze in young rats but did have an effect in aged rats. In that study, however, the young controls improved more quickly over days than the aged controls that had not been previously tested, and therefore showed less room for improvement. It is thus feasible to suggest that a harder task (e.g., massed training) would have allowed a greater parametric space in which to measure enhanced learning in young rats with up-regulated CREB levels. Although comparisons were not made among different training regimens in the present study, the results support the idea that augmenting CREB levels can facilitate long-term memory under conditions of limited training.
Delivery of HSV vectors to the brain causes transgene expression within hours that peaks ∼3 d later, thereafter declines, and is largely gone 7-10 d after infection (Carlezon et al. 1998; Barrot et al. 2002) . In the present study, there was an increase of ∼25% in levels of total CREB protein in the dorsal hippocampus of HSV-CREB-treated rats in comparison with saline-treated rats. This increase is similar to that reported previously following HSV administration of a mutant form of CREB to both the dorsal and ventral hippocampus (Brightwell et al. 2005) . Rats with infusions of saline or HSV-LacZ had similar levels of CREB protein in the dorsal hippocampus. Infusion of HSV-LacZ in the hippocampus caused a dense population of darkly stained cells surrounding the injection site ∼1-1.5 mm in diameter, ∼1.5 mm DV, ∼1.0 mm ML, and >1.0 mm in the AP direction as assayed by X-gal staining. The staining was concentrated in CA1 pyramidal neurons, dentate granule cells, and some interneurons. There were some infected cells in area CA3, but not nearly as robust. No ␤-galactosidase-positive cells were apparent in saline or HSV-mCREBtreated rats (Brightwell et al. 2005) . The number of infected cells is estimated to be 2000-4000 during this peak period (Carlezon et al. 1998; Barrot et al. 2002) , but our previous examination of ␤-galactosidase staining in the hippocampus using the same procedures as those reported here indicated that staining was too dense for an accurate cell count (Brightwell et al. 2005) . Although the overall increase in CREB levels of 25% may represent a small proportion of the total cell population in the dorsal hippocampus, the present findings suggest that this increase is sufficient to enhance retention, presumably through up-regulation of CREBmediated transcription as has been reported previously (e.g., Barrot et al. 2002) . Further, this increase is likely to be underrepresented as the antibody used cannot differentiate between endogenous CREB and HSV-mediated overexpressed CREB. One day following long-term memory testing, levels of total CREB in HSV-CREB-treated rats had decreased to control values. Therefore, training took place when transgene levels were high, whereas long-term memory testing took place 1 wk later when transgene levels were low. Although there may have been residual CREB expression at the time of long-term memory testing, this was not expected to affect memory recall as CREB is required for consolidation of memory but is not required for expression of memory (Kida et al. 2002) .
The CREB HSV vector system has been used successfully in the hippocampus (Brightwell et al. 2005) , amygdala (Josselyn et al. 2001; Wallace et al. 2004) , and nucleus accumbens (Barrot et al. 2002) to manipulate behavior while having no effect on visual sensory responsiveness (Mower et al. 2002) or general locomotor activity in the open field or elevated plus maze (Barrot et al. 2002; Wallace et al. 2004) , factors that could have affected place discrimination in the current results.
Enhancing or improving mnemonic function has increasingly become an area of intense interest, especially as the population ages. Hippocampus-dependent memory impairments are prevalent in both aged humans and rodents (Driscoll and Sutherland 2005) . Aged rats display decreases in levels of hippocampus CREB protein (Brightwell et al. 2004) , whereas drugs that enhance the cAMP signaling pathway leading to CREB activation rescue spatial memory in aged-impaired mice (Bach et al. 1999) . Further, hippocampus overexpression of CREB in rats attenuates age-related spatial memory loss (Mouravlev et al. 2006) . Combined with the present results, this suggests that increases in levels of CREB protein and/or function might be efficacious in treating neurodegenerative memory disorders as well as possibly improving retention in difficult learning situations.
